The emission dynamics of a GaAs microcavity at different angles of observation with respect to the sample normal under conditions of nonresonant picosecond-pulse excitation is measured. At sufficiently high excitation densities, the decay time of the lower-polariton emission increases with the polariton wavevector; at low excitation densities the decay time is independent of the wavevector. The effect of additional nonresonant continuous illumination on the emission originating from the bottom of the lower polariton branch is investigated. The additional illumination leads to a substantial increase in the emission intensity (considerably larger than the intensity of the photoluminescence excited by this illumination alone). This fact is explained in terms of acceleration of the polariton relaxation to the radiative states due to scattering by charge carriers created by the additional illumination. The results obtained show, that at large negative detunings between the photon and exciton modes, polariton-polariton and polariton-free carrier scattering are the main processes responsible for the filling of states near the bottom of the lower polariton branch.
I. INTRODUCTION
For almost two decades, studies of exciton polaritons in semiconductor microcavities (MC) [1] attract considerable attention inspired by a diversity of interesting features in this system: polariton Bose-Einstein condensation (BEC) [2] [3] [4] [5] [6] , superfluidity [7, 8] , stimulated polariton-polariton scattering [9] [10] [11] [12] [13] etc. (see book [14] and references therein).
MC polariton energy relaxation is of particular interest, because it has a profound effect on many properties of the polariton system. It is well known that relaxation of MC polaritons to the bottom of the lower polariton branch (LPB) is hampered by the bottleneck effect [15] . It is the bottleneck effect together with the small polariton lifetime near the bottom of the LPB that lead to a decrease in the occupancy of states with low wavevectors k with respect to the occupancy of high-k states. This, in particular, hinders the polariton system from reaching BEC.
The most straightforward method to study MC polariton relaxation is measuring the dynamics of the MC emission under optical pumping by short pulses [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The dynamics of the MC emission at different angles of observation Θ with respect to the sample normal is of particular interest as it yields information about filling of states corresponding to wavevectors k = E(k) sin Θ/hc, where E(k) is the energy of observed photons and c is the speed of light. The results of different studies on this issue are somewhat contradictory. In [17] it was shown for a CdTe MC that, at sufficiently large negative photon-exciton detunings ∆ (∆ = E ph (k = 0) − E ex (k = 0), where E ph (k = 0) and E ex (k = 0) are the energies at minima of the photon and exciton dispersion curves, respectively), the decay time τ of the emission from high-k states is reduced considerably with respect to the decay time of the emission from the bottom of the LPB. These results were not confirmed in [18] , also carried out with a CdTe MC; here, τ was observed to be independent of Θ within the accuracy of the experiment. In a study of a GaAs MC [20] , it was found that the emission from k ≈ 0 decays twice as fast as the emission from the high-k states. The effect was explained under the assumption that relaxation to the states with k ≈ 0 proceeds via polariton-polariton scattering and, thus, its rate depends quadratically on the occupancy of the reservoir of exciton-like states. On the other hand, the high-k polariton states are close in energy to the reservoir and their occupancy directly reflects the reservoir depletion.
Qualitative disagreement between the results mentioned above indicates that the mechanism of filling of radiative MC states is not universal, but depends on such factors as the excitation density, photon-exciton detuning etc. In the present study, we measure the dynamics of the MC emission as a function of the angle of observation Θ and the excitation density at a large negative photon-exciton detuning. It is shown that at high excitation densities the decay time of the LPB emission increases with Θ, in agreement with the results of [20] . At low excitation densities τ is almost independent of Θ.
In order to obtain further information on the mechanism responsible for the population of states with k ≈ 0, we also study the effect of additional continuous-wave (CW) laser illumination on the MC emission dynamics. The additional illumination was used in a number of studies for creating free electrons [20, [31] [32] [33] (the polariton-electron scattering is believed to accelerate the relaxation substantially [34] ) and heating up the exciton system [8] . The differential technique used in the present study enables us to measure changes in the MC emission dynamics caused by the additional CW illumination. As a result, it has been shown that the additional illumination leads to the acceleration of relaxation to the k ≈ 0 states, which is associated with an increase in the electron-hole pair number; this process has a nonlinear character.
II. EXPERIMENTAL DETAILS
The sample under study was a 3 2 λ MC with mirrors made of alternating AlAs and Al 0.13 Ga 0.87 As layers. Two stacks of three tunnel-isolated In 0.06 Ga 0.94 As quantum wells (QW) were embedded into the GaAs cavity at the positions of the two electric-field antinodes of the MC. The cavity was grown wedge shaped, allowing to change the photon mode energy by moving the excitation spot along the sample surface while keeping the exciton-mode energy unchanged. The Rabi splitting for the sample was equal to 6 meV. The sample was mounted inside a variable-temperature helium cryostat. All the experiments were done at a temperature of 10 K and photon-exciton detuning ∆ = −5 meV.
The sample was excited by the emission of a mode-locked Ti-sapphire laser generating a periodic train of 2.5-ps-long pulses at a repetition rate of 76 MHz. The excitation energy (1.595 eV; wavelength 777.6 nm) was larger than the GaAs bandgap (1.519 eV), which determines the height of the barriers for the QWs. The angle of incidence of the excitation laser beam was 60 0 with respect to the sample normal. Spectrally-resolved dynamics at different angles of observation was measured using a monochromator coupled to a Hamamatsu C5680 streak camera. The photoluminescence (PL) from the sample after passing through a diaphragm with an aperture of 2 0 , was coupled by a lens into an optical fiber, whose opposite end was fixed at the monochromator slit. The end of the optical fiber to which the PL is collected was mounted, together with the diaphragm and the lens, on a rotation rail allowing registration of the PL coming out at a given angle. The time and spectral resolution of this system were 30 ps and 0.3 meV, respectively.
In the second part of this study, the sample was illuminated by a CW 532-nm second-harmonic emission of a Nd:YVO 4 laser in addition to the pulsed excitation. The two laser beams were symmetric with respect to the sample normal and excited the same spot on the sample at an angle of 60 0 . The PL coming out at normal direction with respect to the sample plane within a 2 0 aperture was registered. In these experiments, the PL dynamics was measured using the picosecond up-conversion optical gating technique [35] . The up-converted (sum-frequency) emission, generated by mixing the PL with a delayed gate pulse (split from the excitation laser beam) in a nonlinear crystal, was analyzed by a double monochromator coupled to a PMT operating in the photon counting mode, and its intensity was recorded as a function of the delay between the excitation and the gate pulses. The additional CW illumination was modulated using a mechanical chopper operating at frequency of 400 Hz and synchronized with the PMT control unit. With such a setup, both the dynamics of the main signal (the PL caused by the pulse excitation only) and the dynamics of the differential signal (the difference between the PL excited by the pulse excitation with and without additional CW illumination) were measured. The time and spectral resolution of this setup were 2.5 ps and 2 meV, respectively.
III. MICROCAVITY EMISSION DYNAMICS: ANGULAR DEPENDENCE
The time-spectral dynamics of the MC emission measured at different angles with respect to the sample normal are shown in figure 1. The intense low energy line in the spectra corresponds to the LPB emission, while the high energy line, which is much weaker but still recognizable in all spectra, corresponds to the UPB emission. Lines between the LPB and UPB are attributed to localized excitons and to scattered LPB emission corresponding to other angles of observation.
In order to analyze the dispersion curves for the MC radiative states, spectra taken at different angles of observation were combined to yield a series of two-dimensional plots for different times after the excitation pulse (figure 2). Solid lines in figure 2 are polariton branches calculated to fit experimental data at large time delay from the excitation pulse (t ≈ 2000 ps) and dashed lines are corresponding exciton and photon modes. At the very beginning of the relaxation process (t ≈ 50 ps, left image), when the number of electron-hole pairs in the system is maximal, the LPB lines maxima are blueshifted by ∼ 0.3 meV with respect to their position at longer times (t ≈ 2000 ps, right image). Nevertheless, the exciton-photon system is strong-coupled at all times for the given excitation density P = 25 W/cm 2 . It should be pointed out that, for t ≈ 2000 ps (figure 2, right image), the bottleneck effect is pronounced: the lowenergy states are considerably depleted with respect to the high-energy ones. On the other hand, for t ≈ 50 ps, the emission intensity is larger for the low-energy states. This fact, however, does not mean a full bottleneck suppression, because the observed intensity from a given LPB state is related to its filling factor f by the relation I = C 2 f /τ c , where τ c is the photon lifetime inside the MC and C is the photon Hopfield coefficient (weight of the photon contribution in the polariton wave function), which decreases with the angle Θ (polariton becomes exciton-like). It is seen from figure 1 that the LPB emission dynamics becomes slower with increasing angle of observation. The angle dependence of the LPB emission decay time τ for different average excitation densities P is presented in figure 3 . One can see that for P = 25 W/cm 2 τ increases noticeably with the angle. A similar behavior was observed in [20] , where the dynamics of the emission from the bottom of LPB was compared to the dynamics of the emission registered at large Θ. For P = 8 W/cm 2 the dependence becomes more flat, and for P = 3 W/cm 2 τ no longer depends on Θ within the experimental accuracy.
To explain the experimenal results we assume that the LPB emission dynamics is determined by the depletion rate of the reservoir of high-k exciton-like states. At sufficiently high excitation densities the exciton scattering to polariton states with k ≈ 0 is assisted by collisions with other excitons and remaining unbound free carriers, whereas the rate of polariton-acoustic phonon scattering is rather low due to the steep LPB dispersion in the low-k region (which, for large negative detunings, results in a large energy difference between the initial and final states) [36] . The importance of the interparticle scattering in polariton relaxation towards the low-k states, leading to the suppression of the bottleneck effect at high excitation densities, was previously demonstrated in the CW experiments [37, 38] . Owing to short polariton lifetimes at the bottom of the LPB in comparison to typical relaxation times, the emission intensity I is proportional to the relaxation rate, which is quadratic in the total number of electron-hole pairs n (in the case of the polariton-polariton and polariton-free carrier scattering, further referred to as interparticle scattering). Thus, I(t) ∼ n(t) 2 (strictly speaking, I(t) ∼ w ex (t)n ex (t) 2 + w e (t)n ex (t)n e (t) + w h (t)n ex (t)n h (t), where n ex , n e and n h are respectively the exciton, electron and hole densities, n e = n h ; w ex , w e and w e are respectively the probabilities of the polariton-polariton, polariton-electron and polariton-hole scattering [20, 29] ). Provided the reservoir depletion follows the law n(t) = n 0 exp(−t/τ x ), the emission decays as I(t) ∼ n 2 0 exp(−2t/τ x ), and its lifetime equals τ x /2. With increasing angle of observation (polariton wavevector), scattering of polaritons by acoustic phonons becomes more efficient (because of a decrease in the energy difference between the final and initial states of scattered particles), and this process governs the LPB emission dynamics at sufficiently large angles. For the polariton-phonon scattering, I(t) ∼ n(t) = n 0 exp(−t/τ x ); thus, the emission decays with time τ x . According to figure 3, for P = 25 W/cm 2 the decay time τ decreases from 840 ps at Θ = 21 0 to 500 ps at Θ = 0 0 , which indicates a pronounced effect of interparticle scattering on state filling at the bottom of the LPB. It should be noted that τ was determined according to the emission decay rate in the time interval from 1000 to 2000 ps, when the number of electron-hole pairs is several times lower as compared to its initial value. Thus, at the beginning of the relaxation process, the interparticle scattering might be important even at low excitation densities.
Another factor contributing to an increase in τ for states corresponding to large Θ might be scattering of polaritons back to the reservoir, which increases coupling of these states to the reservoir. Due to this process, τ becomes closer to τ x . The rate of backscattering associated with exciton-like polaritons and free carriers can be estimated from the linewidth dependence on the excitation density P . An increase in P from 3 to 25 W/cm 2 leads to an increase in the LPB linewidth for Θ = 21 0 and t = 1000 ps by ∆γ = 0.2 meV. This value should be compared with the LPB line broadening associated with the photon escape from the cavityγ c = γ c C 2 , where γ c is the broadening for a bare photon in the MC. For Θ = 21 0 ,γ c = 0.5 meV > ∆γ, which indicates that states corresponding to Θ = 21 0 are not fully coupled to the reservoir and polaritons mainly escape from these states via photon emission. Thus, for P = 25 W/cm 2 , scattering of polaritons back to the reservoir caused by interparticle collisions cannot fully account for the the observed nearly twofold increase in τ , which means that the phonon scattering mechanism discussed above should be involved.
Thus, an increase in the emission decay time with the angle of observation is presumably related to the crossover of the polariton states filling mechanism from the interparticle scattering at small angles to the polariton-acoustic phonon scattering at large angles.
IV. THE EFFECT OF THE ADDITIONAL ILLUMINATION ON THE MICROCAVITY EMISSION DYNAMICS
In order to confirm that filling of states with k ≈ 0 is controlled by the interparticle scattering mechanism, the effect of additional nonresonant CW laser illumination on the MC emission dynamics was studied. The kinetics of the differential signal was measured, which shows the effect of additional illumination on the relaxation dynamics of particles created by the laser pulse. If the additional illumination does not affect this dynamics, the differential signal simply corresponds to the MC emission created by the additional illumination alone and does not depend on time. The additional illumination power density P cw was comparable to the time-averaged pulse excitation density P pulse . Note that, under these conditions, density of electron-hole pairs created by the excitation pulse n pulse = P pulse /(hνF ) (F = 76 MHz is the pulse repetition rate, hν is the excitation photon energy, which in our simple evaluations is assumed to be approximately the same for the CW illumination and pulse excitation) is considerably larger than the density of electron-hole pairs created by the CW illumination n cw = P cw τ x /hν (where the reservoir depletion time τ x ≈ 1 ns):
which for P cw = P pulse yields n cw = F τ x n pulse ≈ 0.08n pulse . Thus, the additional illumination represents a small perturbation in the first 1-2 ns of the system relaxation. We also note that the photon energy of the additional CW illumination (2.331 eV) was larger than the band gaps for the MC-mirror materials (2.24 eV and 1.68 eV for AlAs and Al 0.13 Ga 0.87 As, respectively) and only the small portion of the original excitation would reach the cavity. Newetherless, the time-integrated PL intensity created by the CW illumination and corresponding to the localized excitons (between LPB and UPB), which is linear in the excitation power, was close to that created by the pulse excitation (with photon energy 1.595 eV) of the same time-averaged power density. Thus, the additional illumination excites the QWs inside the cavity presumably by the secondary emission created by recombination of electrons and holes inside the MC mirrors with almost the same efficiency as the pulse excitation. Figure 4 shows the kinetic dependences of the MC emission without the additional CW illumination, further referred to as the main signal (dashed lines), and the differential signal (solid lines). The following features should be noted. increase (the differential signal at t > 0) is considerably larger than the intensity of the emission excited by the CW illumination alone (the differential signal at t < 0). (ii) At t > ∼ 400 ps the differential signal decays noticeably slower than the main signal, the decay rate differing by a factor of two. (iii) As the pulse excitation density is increased, there appears a fast component in the differential signal kinetics (at t < ∼ 400 ps), which is presumably related to the onset of stimulated emission (as the filling factor of the k ≈ 0 states approaches unity). Note that the observed stimulation is accompanied by the transition of the system to the weak coupling regime [29, 30] and is not related to the polariton BEC.
Features (i) and (ii) point at the nonlinear character of the emission from the bottom of the LPB, confirming that interparticle scattering is responsible for the filling of k ≈ 0 states. Under these conditions, the intensity of emission in the absence of CW illumination varies as
where, for simplicity, the coefficient α is assumed to be time-independent. The intensity of the differential signal equals approximately Assuming that the number of particles created by the CW illumination does not depend on time, we obtain for the intensity decay I pulse (t) ∼ n 2 0 exp(−2t/τ x ) and I diff (t) ∼ 2n cw n 0 exp(−t/τ x ). The above relations explain the twofold increase in the decay time of the differential signal as compared to the emission created by the pulse excitation alone.
The agreement between the description provided by formulas (2) and (3) and the experimental data is also demonstrated by the dependences of the peak intensities of the main signal (open squares in figure 5 ) and the differential signal (full squares in figure 5 ) on the time-averaged pulse excitation density P pulse . It follows from figure 5 that at low P pulse the peak intensity of the main signal is proportional to P 2 pulse , while the peak intensity of the differential signal is proportional to P pulse (because n 0 ∼ P pulse ). As P pulse is further increased, these dependences become steeper. For the peak intensity of the differential signal, deviation from a linear dependence, which is related to the fast component in the kinetics of I diff (figure 4), becomes apparent at lower excitation densities P pulse than the fast increase of the main signal peak intensity begins. That is, the onset of stimulated emission is more pronounced in the differential signal than in the main signal. For P pulse ≈ 60 W/cm 2 , both intensities increase dramatically (figure 5) due to the onset of lasing in the weak coupling regime [29, 30] . Figure 6 shows the peak intensity of the differential signal (with respect to the differential signal intensity at t < 0) as a function of P cw for different values of P pulse . To simplify the experimental data interpretation, the differential signal intensity was normalized by I pulse (t peak )/P pulse . Thus, the quantity plotted in figure 6 is I diff = I diff (t peak )P pulse /I pulse (t peak ). The data show that for small CW illumination densities (P cw ≤ 7 W/cm 2 ), the differential signal intensity is close to zero or even negative for all pulse excitation levels. At higher P cw , the dependenceĨ diff (P cw ) becomes linear and can be described by the following equation:Ĩ diff = β(P cw − P 0 ), where P 0 = 7 W/cm 2 . The coefficient β ≈ 0.13 for small pulse excitation densities P pulse and increases as P pulse approaches the lasing threshold value. Meanwhile, according to (1)-(3)
this dependence is shown in figure 6 by a solid line for τ x = 1 ns. In general, a linear dependenceĨ diff = βP cw is a consequence of the condition n cw ≪ n pulse , while the coefficient β is determined by a particular dependence I pulse (n pulse ). However, the threshold P 0 in the dependence of the differential signal on P cw , the existence of which is evident in the data, does not appear in (4) . The origin of this threshold is not understood at the moment. Thus, under the given experimental conditions, the main effect of the additional CW illumination is related to the acceleration of the relaxation process due to an increase in the number of particles in the system. At the same time, the possible heating effect of the additional illumination on the nonequilibrium electron-hole system [8] seems to be unrelevant. Still, several remarks should be made. The above conclusions about the significance of the interparticle scattering in the filling of states at the bottom of the LPB is valid for the first 1-2 ns only. As the reservoir is depleted, the efficiency of the interparticle scattering mechanism decreases and the polariton-acoustic phonon scattering dominates the filling of k ≈ 0 states. As a result, the time-integrated MC emission intensity increases more slowly with the pulse excitation density than the peak intensity shown in figure 5 with open squares.
In the experiments described above one cannot distinguish between the polariton-polariton and polariton-free carrier scattering mechanisms. This could be accomplished, for example, by applying an external magnetic field perpendicular to the MC plane [39] . Preliminary magnetic-field experiments have shown that, under a CW excitation, the contribution of the polariton-electron scattering to the total rate of polariton relaxation to the LPB bottom does not exceed 30% [40] . As for the results of the present study, it is reasonable to believe that, at the stage of the emission decay, the majority of charge carriers are already bound into excitons [41] , and filling of k ≈ 0 states is mainly accompanied by polariton-polariton scattering. We also note that free electrons possibly present in the system due to residual doping [32] do not contribute significantly to the polariton relaxation to the k ≈ 0 states. Otherwise, the dependence I pulse (n pulse ) would deviate from a quadratic one, since scattering by electrons released from impurities leads to a linear PL intensity dependence on the excitation power [20] , similarly to the case of polariton relaxation assisted by acoustic phonons.
V. CONCLUSIONS
The kinetic dependences of the GaAs MC emission from different states of the LPB have been studied as a function of the pulse excitation density. Also, the effect of the additional CW illumination on the MC emission dynamics has been investigated. It is shown that at low excitation densities the polariton emission decay rate is almost independent of the polariton wavevector. As the excitation density is increased, the decay rate of the LPB emission increases and becomes dependent on the polariton wavevector, so that it is highest for the emission from the bottom of the LPB and decreases with increasing polariton energy. The emission intensity from the bottom of the LPB is nonlinear in the excitation density and is increased noticeably under the additional CW illumination. On the basis of the results obtained we conclude that, for a large negative detuning, filling of states near the bottom of the LPB is mainly caused by the polariton scattering from the reservoir of exciton-like states assisted by other exciton-like polaritons and free charge carriers (except for fairly low excitation densities, when scattering by phonons becomes important).
